For concrete structures exposed to salt environment, the microstructure and cracks play a crucial role in the ingress of chloride ions into concrete. In this study, concrete is simulated on the meso scale as a three-phase composite, i.e., aggregate particles, mortar and the interfacial transition zone (ITZ). Because of the advantages in predicting cracks behavior in concrete, Rigid Body Spring Model (RBSM) is employed to carry out the mechanical analysis to simulate the distribution and width of microcracks. And then, the truss network model is adopted to evaluate the chloride diffusivity of the cracked concrete. On the basis of the statistics analysis of diffusion coefficients of concrete and mortar determined experimentally, the diffusivity of ITZ is analytically clarified. The range of diffusion coefficient of ITZ estimated in this paper is approximately 3-16 times of that of mortar depending on the different assumed thickness, which agrees well with that of the previous experimental results. With the aim to validate the effect of microcracks on the diffusivity of concrete, a series of the chloride ions penetrating analysis is numerically carried out on the concrete specimen under different stress levels. The axial compressive and tensile loading conditions are investigated respectively and the effects of stress level on chloride diffusivity of cracked concrete are examined. Results indicate that the chloride diffusivity is significantly dependent on the stress level, but only considering the effect of cracks predicted by RBSM is not sufficient. So an empirical equation which can account for the microstructure variation of concrete under loading is proposed. With it, a reasonable estimation for chloride diffusivity of cracked concrete is achieved.
Introduction
In an environment exposed to seawater or de-icing salt, the chloride-induced corrosion of reinforcing steel in concrete structures has become one of the major causes of deterioration in such reinforced concrete facilities as marine structures and bridges. Thus, in the durability design of these structures, the most important factor that determines the initiation time of corrosion of steel bars and service life of concrete structures is the transport property of concrete; e.g., the diffusivity of ions and gases. As a rule, the diffusivity of concrete is determined experimentally (Care 2003) . However, it is difficult to precisely predict the diffusivity of concrete because the concrete diffusivity is influenced by many parameters such as the interfacial zone property between aggregate particles and bulk cement pastes, as well as the microstructure of the cement paste itself (porosity and pore structure) (Oh and Jang 2004) .
Moreover, in most cases, cracks (or microcracks) are present in concrete due to several causes such as shrinkage, thermal gradients, freeze-thaw cycling, alkali-aggregate reaction and external loading, and their combination. These cracks may form potential flow channels which provide easy access to aggressive salts and ions Boulfiza et al. 2003) , so cracks in concrete can have negative effects on diffusivity, rate of chloride ingress and hence reinforcement corrosion. Moreover, it is argued that chloride ions usually cannot transport through the gel pore of cement paste, so the diffusivity of chloride ions in concrete is mainly performed in the existing microcracks or the loading-induced cracks (Xing et al. 2005a) . Therefore, in the study of diffusivity or substances transportation characteristics of concrete, cracks must be taken into account correctly to cover the practical working condition of structures. However, due to difficulties in generating desirable crack patterns in concrete specimens and availability of appropriate methods for concrete diffusivity measurements, a limited number of studies have been done on the transport property of cracked concrete (Wang et al. 1997) , so till now the characteristics of chloride ions transportation in cracked concrete have not yet been made clear (Kato and Uomoto 2005) .
The interfacial transition zone (ITZ) formed at the vicinity of aggregate particles in concrete is a very thin layer, in which the microstructure differs significantly from that of the bulk cement paste (Delagrave et al. 1997; Shane et al. 2000) . The ITZ thickness is usually reported in the range of 15-50μm or less than 80μm when the aggregate size is varied from 0 to 20mm (Otsuki et al. 2006) and the typical values are in the order of 20μm (Bentz et al. 1997) . Generally speaking, the presence of aggregates in a hydrated cement paste matrix has two opposite effects on the transport properties (Delagrave et al. 1996; . First, the addition of solid particles leads to an increase in the tortuosity of matrix, so the chloride ions have to move around the solid particles. This implies that tortuosity (redirecting) effects reduce the transport properties. Second, the presence of porous and connected ITZ probably contributes to facilitating the movement of ions. In order to investigate the effect of aggregate content and ITZ on the transport properties, usually the mortar or concrete is treated as a three-phase composite material in which aggregates are embedded in a matrix of hardened cement paste, and the ITZ is around the aggregates (Yang 2003; Care and Herve 2004; Kato and Uomoto 2005 ) (see Fig. 1 ). Recent research shows that the ITZ between the cement paste and aggregate, especially coarse aggregate, can more effectively explain the phenomena of chloride diffusion (Takewaka et al. 2003) .
Compared with a concrete, the mortar should be more homogeneous because of its relatively small aggregate size. Therefore, on the meso scale, the mortar can be treated as a nominal homogeneous material and the chloride diffusion coefficient of which is regarded as a constant for a fixed water-to-cement ratio. But for the ITZ around coarse aggregates, its effect on the diffusivity of concrete should be taken into account and clarified precisely.
The authors have showed potential of numerical approach with meso-scopic RBSM to simulate effects of loading on diffusivity of concrete structures (Soda 2006; Soda and Ueda 2006) . The numerical approach is very helpful to reduce the experimental time and errors and to understand the phenomena itself. The object of this study is to propose a numerical method which can appropriately take into account the effect of load-induced cracking on diffusivity of concrete through careful investigation of experimental evidences on diffusivity of concrete, mortar, crack and ITZ. It is hoped that the numerical approach in this study could facilitate the service life prediction of concrete structures subject to salt attack.
Truss network model based on RBSM

Outline
Generally speaking, the load-induced cracks appear mostly at the paste-aggregate interface and extend into the cement paste as the load is increased (Samaha and Hover 1992) . Research evidence indicates that the characteristics of cracks after a concrete has been unloaded are quite different from those while under load because the cracks can close back partially or completely upon unloading. Thus, the transport property of concrete can be influenced by the test condition, i.e., whether the test is carried out under loading or after removal of load . However, in most of the previous studies, the chloride transport property tests were usually conducted on the completely unloaded specimen but not on the loading concrete although some attempts were made to study the progressive cracking in concrete. The reason is that in most cases it is not easy and possible to conduct salt attack tests on loaded concrete. It implies that the results of chloride transport property test would not reflect the actual crack characteristics of concrete, because the salt attacks mostly take place under loading conditions for practical concrete structures. Therefore, RBSM must be a realistic method to characterize the cracks of a concrete under loading.
Concept of RBSM
The RBSM is sometimes referred to as a discrete element method, which was first developed by Kawai (1978) . One of the key notions of RBSM is its random geometry based on Voronoi diagrams, so that the locations and directions of crack propagation need not be anticipated and adaptive remeshing is not needed (Bolander and Le 1999) . In RBSM, the analytical model is divided into polyhedron elements whose faces are interconnected by springs. Each element has two translational and one rotational degrees of freedom for a two dimensional modeling simulation. The response of the springs can simulate the interaction between elements instead of consideration of the internal behavior of each element (see Fig. 2 ) (Nagai et al. 2004) .
The advantage of RBSM in simulating crack propagation of concrete has been reported widely (Bolander and Saito 1998; Nagai et al. 2004) . In addition to the simulation of random locations and directions, RBSM can estimate the crack width by calculating the relative displacement between rigid elements, which equals to the elongation of the normal spring.
Truss network model method
In the present study, RBSM is used to predict the cracks in concrete under loading, and consequently, the truss network model is used to numerically simulate the chloride ions transport process. As shown in Fig. 3 , each of the Voronoi elements is linked by truss elements with the nodes at the centers of Voronoi elements and the intermediate points of Voronoi element boundaries. This is a refined approach of truss network model proposed by Nakamura et al. (2006) , in which only the Voronoi nuclei are linked to generate a truss element (Bolander and Berton 2004) . And then, it is assumed that substance (e.g., chloride ions) transport is performed along one dimensional truss element in the network. Here, it should be emphasized that the truss network model presented in this paper is on the meso scale since concrete is treated as a heterogeneous material, which is quite different from the ideas of the previous studies regarding concrete as a homogeneous material (Bolander and Berton 2004; Nakamura et al 2006) . As a result, the type of truss elements and the chloride transport through them become more realistic. For an uncracked concrete, the cross sectional area and the diffusivity of truss element are set according to the following rules: for truss elements in aggregate, both are assumed 0; for truss elements in mortar, the cross sectional area is given according to the corresponding Voronoi element area and the diffusion coefficient is given according to experimental results of mortar. For truss elements on the interface of two mortar Voronoi elements, the cross sectional area is assumed 0 and no mass transfer occurs, but for those on the interface of aggregate and mortar, i.e., the ITZ truss elements, the sectional area is determined by the thickness of ITZ and the diffusion coefficient will be estimated based on the method proposed in the following sections. After cracking, the cross sectional area of truss element on interface will be estimated based on the crack width calculated by RBSM and the diffusion coefficient through these cracks may become quite large compared with that of bulk concrete (Nakamura et al 2006) .
In the present study, volume faction and size distribution of coarse aggregate are assumed to be in accordance with conditions generally applied in actual concrete. In fact there are differences in cracking characteristics, such as crack surface area and crack direction, between three-dimensional space and two-dimensional space. More precise three-dimensional analysis is necessary as a further study.
Statistics of diffusion coefficient of concrete (D c ) and mortar (D m )
3.1 Diffusion coefficient of concrete To a conventional concrete, the diffusion coefficient D c is not a real physical constant since the process of chloride ion transportation in concrete is considered to be governed by a number of factors such as diffusion, ionic interaction, water transportation, and chloride ion fixation (Kato and Uomoto 2005) . However, according to the extensive experimental investigations, it has been concluded that the most important factors are the water-to-cement ratio (w/c) and the temperature. Because the results of experimental and numerical analysis are scattering too much, in order to simplify the simulating process, the influence of temperature on D c is not taken into account in the present study.
Several mathematical models based on the regression analysis for relationship between D c and w/c have been proposed according to experimental investigation or numerical analysis. Fig. 4 shows the effect of w/c on chloride diffusivity as predicted by some previous models. Because these models are based on different experimental conditions and assumptions, in this paper, they will be firstly summarized and argued separately and then combined together to give a unified model. Additionally, it should be pointed out that we are only attempting to estimate the diffusion coefficient of chloride ions in a saturated concrete and are not accounting for the chloride binding capacity with solid phases in the cement paste as reported by many authors (Mohammed and Hamada 2003; Martin-Petez et al. 2000) . Certainly, the modeling techniques presented in this study ought to be extended to consider such effects by some improvements.
When common Portland cement is used, JSCE ( 
in which the unit of D c is in cm 2 /yr. The empirical equation proposed by Boulfiza et al. (2003) , which is based 
where D c is in mm 2 /yr. Hobbs (1999) proposed the relation of chloride ion diffusion coefficient for mature concrete exposed to a marine environment to w/c as follows: 
Diffusion coefficient of mortar
In terms of the diffusion coefficient of mortar, although a lot of experiments have been carried out with a similar method used in the measurement of concrete and the relationship between D m and w/c was once believed to be approximately exponential (Atkinso and Nickerson 1984) , till now few attempts have been done on the regression of this relationship. Many authors have reported that the influence of aggregate on chloride ingress is mainly due to the presence of an ITZ, which results from interactions between aggregate and cement paste. Therefore the volume fraction and size distribution of aggregates will influence the diffusion properties of concrete, especially to mortar, the diffusion coefficient must differ from that of concrete for lack of coarse aggregates. In this paper, based on the data collected from previous studies, a regression analysis is performed for mortar to give a formula to express the relationship between D m and w/c. The regression result is written in Eq. with the same w/c in most cases. This finding is validated by the series of chloride transport tests conducted simultaneously on concrete and mortar with the same w/c (Oh and Jang 2004) , which is listed in Table 1 . It should be pointed out that Eqs. (4) and (5) are to be applied only when the values of D c and D m are unknown. That is because of the small number but large scatter of available test data and approximation in the regression for Eq. (5). Moreover, previous study has also shown that the correlation between diffusion coefficient and w/c is very low for concrete and mortar than that for cement pastes because of the inclusion of aggregates (Hobbs 1999) . Since one of the central objectives of this paper is to show the feasibility of the truss network model and to give an approximate estimation of the diffusivity of ITZ, it is more reasonable to use the test data of D c and D m derived from a same experiment in order to reduce the regression Eq. (5) error of Eq. (5). Therefore, in the following sections, the experimental data from Oh and Jang (2004) with w/c of 0.55 is adopted (see Table 1 ) to demonstrate the analysis process of chloride ions transport.
Diffusivity of ITZ
Summary of previous studies
Because of the higher porosity in the ITZ, its presence might negatively impact the durability of cement-based materials by forming fast-conduction pathways through the material, thus allowing accelerated ingress and movement of aggressive ions. To predict accurately the transport properties of concrete, the ITZ should be taken into account correctly. Based on this concern, numerous studies have been carried out to investigate effects of aggregate and ITZ on the transport properties of mortar and concrete. Delagrave et al. (1997) argued that the increased tortuosity of the matrix induced by the presence of aggregates appears more important than the influence of ITZ, and the interconnection of ITZ was not found to lead to a rapid increase of the chloride ions transportation coefficient; that means that the overall transport properties of the mortars are influenced more by the presence of aggregates than by the presence of ITZ. Yang (2003) pointed out that for mortar, the approximate migration coefficient of ITZ (D ITZ ) is 1.6-1.3 times of that of matrix when the thickness of ITZ was assumed to be 10-40μm. Using the three-phase composite material model, Care and Herve (2004) proposed a new analytical model for chloride diffusion coefficient in mortar and D ITZ is estimated as 16.2 times of that of cement paste without aggregate (D p ), which was simultaneously validated by the experimental results. Oh and Jang (2004) reported that D ITZ /D p ≈7, mostly in the range of 4 to 8, based on his experimental data and analytic model, moreover, it coincides well with the other researchers' results (Delagrave et al. 1997; Breton et al. 1992; Bentz et al. 1997; Shane et al. 2000) . The diffusion characteristics of ITZ predicted from different literatures are listed in Table 2 . Although the conclusions are not in full agreement with each other, it can be generally summarized that D ITZ is usually less than 16 times of that of cement paste, especially in most cases no more than 10 times. Moreover, although their experimental conditions are somehow different, e.g., a few of them are under steady-state condition and others are non-steady-state migration tests, it is considered in this study that the diffusivity of ITZ in comparison with that of cement paste is similar among the different conditions. Figure 6 shows the analysis model and calculating conditions. The volume ratio of aggregate is about 40% and the particle size distribution of aggregates is set as 4, 6, 8, 10mm with the same ratio of 25%. On the diffusion boundary, the surface chloride concentration is assumed as 4.86×10 -3 g/cm 3 . The unit means chloride concentration is in grams of chloride ions per cm 3 of concrete. The profiles of chloride concentration along three dotted lines as shown in Fig. 6 are selected as the calculation results, and they will be used to determine the diffusion coefficient of concrete according to the theoretical solution of Fick's second law as given by Eq. (6) if the initial chloride concentration of concrete is assumed to be zero:
Analysis model of a specimen
where C(x,t) is the chloride concentration at distance, x, from the exposed surface; C s is the surface chloride concentration; t is the exposure time and in this paper, it is also the elapsed simulation time; erf is the error function. After a certain exposure time, in Eq. (6), only D c is the unknown parameter and can be calculated by the regressing method with the given chloride concentration profile C(x,t). Fig. 6 The model and analysis conditions of the specimen.
(60×60 mm)
With regard to the effects of aggregates on the transport properties, it may be supposed that the calculating results using truss network model will depend on the exposure time or the amount of aggregates that chloride ion may probably pass by. The reason is that, with short exposure time, most of the chloride ions can only distribute in the surface mortar layer, but not ingress deeper due to the impermeable of aggregates. However, with the increase of exposure time, the chloride concentration in the surface mortar layer will reach to a balanced state and more and more chloride ions will penetrate through the mortar between aggregates and the ITZ. Thus, the influence of surface mortar layer will be decreased and the predicted D c will approach a constant. So that, the value of D c at the balanced state can be regarded as the actual diffusion coefficient for a concrete. In this study, the values of D c after a series of elapsed time are obtained so as to determine a stable analysis period. Fig. 7 shows the time-dependent characteristics of the chloride ions penetration in concrete. It can be observed that when the diffusion time is longer than 400 days, the diffusion coefficient will approach a constant with the calculating conditions depicted in Fig. 6 . Then, in the later analysis, the calculating parameters will be based on Fig. 6 and the exposed time will be set as 400 days. In the previous studies, especially for a mortar, D ITZ is usually expressed as the times of that of cement paste (D p ). Therefore, for a concrete, D ITZ can be expressed using the similar relations as the times of that of mortar (D m ), which is written as follows:
Determination method of D ITZ
The experimental data in 2 /s, the purpose of this calculation is to determine the approximate value of D ITZ . However, to date, the thickness and the diffusion coefficient of ITZ cannot be predicted precisely although they have been considered in a certain range of values. Therefore, only for the sake of simplification, the thickness of ITZ is assumed specially to be 20μm with consideration of the usually proposed range shown in Table 2 . So that as depicted in 
Effect of the thickness of ITZ on its diffusion coefficient
As expected, the value of D ITZ is depending on the thickness of ITZ, although the thickness of ITZ is typically in the range of 15 to 50μm (Shane, et al. 2000) . One reason for this large range of thicknesses is that there is no clear-cut transition from ITZ paste to matrix paste, so the cut-off value is somewhat subjective (Shane et al. 2000) . In this section, the influence of thickness of ITZ on diffusivity of concrete is investigated by varying the value of thickness of ITZ in the range of 10 to 50μm, which is shown in Fig. 9 . So it is observed that when the thickness of ITZ is changed in that range, the values of n are estimated in rather wide range (from 15.6 to 3.8) and decrease with the increase of thickness of ITZ (see Fig.  9 ), which indicates that the calculation results with the truss network model in this paper quite coincide with those previous research conclusions as shown in Table 2 .
Chloride ions transport through cracks
Review of previous studies
The testing schemes for evaluation transport property of cracked concrete can be divided into three kinds based on the loading method: uniaxial compressive test (Saito and Ishimori 1995; Lim et al. 2000; Samaha and Hover 1992 splitting test (Wang et al. 1997; Aldea et al. 1999; Kato et al. 2005 ) and flexural test Xing et al. 2005a) . The effect of microcracking on transport property under uniaxial compression has been studied by several researchers. However, there are some conflicting views pertaining to their findings. Samaha and Hover (1992) reported that microcracks at load levels below approximately 75% of the maximum capacity do not affect mass transport properties of the concrete, but their influence become pronounced when the maximum compressive capacity of the concrete is reached, attaining a 10-20% increase of permeability over unloaded specimens. Saito and Ishimori (1995) found that the chloride permeability of concrete subjected to static compressive stresses up to 90% of the ultimate strength is nearly equal to that of concrete before loading. Furthermore, even concrete after reaching the ultimate strength only exhibits a comparatively small increase in the chloride permeability. Because the characteristics of the microcraks are different when a concrete is under a load and when it is completely unloaded, Lim et al. (2000) pointed out that unloading or not can influence the chloride permeability of a concrete.
Using the feedback controlled splitting test method, Wang et al. (1997) and Aldea et al. (1999) pointed out that the degree of the permeability of cracked concrete depends on the value of the crack opening (crack width W cr ) in the concrete. But when a crack opening displacement is less than 50μm, the crack opening had little effect on the permeability. When the crack opening displacement increases from 50 to 200μm, the cracked concrete permeability increases rapidly with a great magnitude in comparison with that corresponding uncracked concrete. Based on the similar test method, Kato and Uomoto (2005) concluded that the diffusion coefficient of chloride ions through a crack (D cr ) increased with increases in the crack width and is almost constant when the crack width becomes wider than approximately 75μm. In the simulation model of Takewaka et al. (2003) , if W cr is less than 50μm, the cracks seldom affect diffusivity, but when the W cr is between 50μm and 100μm, D cr was set 10 times of sound part (1×10 -12 m 2 /s), and when W cr is larger than 100μm, D cr was set as 10 3 times. Other experimental results indicate that no significant chloride diffusion occurs in cracks having an opening (crack width) below a critical value, which is approximately 30μm (Francois et al. 2005; Ismail et al. 2004) .
Relationship between D cr and W cr
In order to establish the relationship between D cr and W cr , in the present study, the experimental results of chloride ions transport through the steel specimens with a slit (Kato and Uomoto 20005) 
The proposed Eq. (8) and experimental results about D cr are shown in Fig. 10 . Obviously, in a certain extent, Eq. (8) can approximately express the relationship between D cr and W cr reported in the previous studies.
Chloride diffusivity of cracked concrete
Compressive loading
A series of uniaxial compression analysis by RBSM are carried out under different stress levels in order to obtain different levels of damage in concrete. As stated in 4.3, the thickness and diffusion coefficient of ITZ is set as 20μm and 8.9 times of that of mortar, respectively. in the text, D c0 and D' c is the diffusion coefficient of concrete before loading and cracked concrete, respectively. In Fig.12 , Sample_1 and Sample_2 are two analyzed specimens with the same size, the same volume ratio of coarse aggregates, but with different positional arrangement, because the coarse aggregate particles are put in and located randomly in an area based on the concept of RBSM (Nagai et al. 2004) . Thus, in Fig. 12 , the difference of diffusivity between both models might be attributed to the different stress level whether the critical stress, representing the onset of unstable microcrack propagation during loading process, is exceeded or not, as reported by Lim et al. (2000) . Moreover, although the calculation results in the present study seem to be in good agreement with those experimental data found in the literatures (see Fig. 12 ), it must be emphasized that the previous researches are based on tests conducted on specimens after they have been completely unloaded. Studies have proved that the microcracks can close back partially or completely upon unloading depending on the stress level at which the concrete is subjected. Especially when the stress level is less than 50%, the microcracks can almost recover 100%. However, from Fig. 12 , it appears that we cannot observe the visible effect of unloading on the transport property of concrete by the comparison between present calculations and the previous experimental results. One cause is supposed to be due to the lower values of diffusion coefficient in cracks. Therefore, another case with D cr assumed as 10 5 times of that of mortar (Soda 2006 ) is carried out, and the calculation results are shown in Fig. 13 to be compared with the former case and the experimental results of Sakoi and Horiguchi (2006) , whose experiments were carried out under loading conditions. Obviously, even when D cr is assumed as large as 10 5 times of that of mortar, the calculation results are still much lower than that of experimental results.
Tensile loading
The diffusion coefficient evaluation of cracked concrete induced by tensile loading is also carried out. In Fig. 14 , the cracks distribution at peak tensile stress is illustrated. Because the cracks generally propagate perpendicular to the loading direction under uniaxial tension, the penetration path may affect the diffusivity of cracked concrete. Therefore, two cases, perpendicular and parallel to the loading direction, are performed respectively for the same stress level. Thereby, the influence of penetration direction is considered by setting two vertical exposed sides namely as case 1 and case 2 (see Fig. 14). Fig. 15 shows the effect of penetration direction on the diffusiv- ity of tensile cracked concrete. It is observed that if penetration is perpendicular to the loading direction (case 1 in Fig. 14) , i.e., parallel to the crack propagating direction, the diffusion coefficient is quite larger than that of parallel to loading direction (case 2 in Fig. 14) ; moreover, with the increase of stress level, the influence of penetration direction becomes more dominant.
In Fig. 16 , the comparison of calculation results in this paper with experimental data in previous literatures shows noticeable deviation similar as those findings under compressive loading conditions (see Fig. 13 ). In order to find out the causes for such high deviations even when D cr is assumed as 10 5 times of that of mortar, the amount and distribution of cracks under tensile stress level of 60% is illustrated in Fig. 17. From Fig. 17 , it is found that the amount of cracks is so small that the cracks obviously have little effect on the diffusivity of concrete no matter how large the diffusion coefficient of cracks is set. However, the experimental facts indicate that even the stress level is between 30~60%, the diffusivity of concrete will undergo a considerable increase. For example, Xing et al. (2005b) reported an increase of 20% and 90% at the stress level of 30% and 60%, respectively. It means that only considering the effects of cracks on transport properties of damaged concrete is not sufficient to accurately predict the diffusivity. condition, even at lower stresses which are less than 50% of the tensile strength, the diffusion coefficient increases significantly compared with the same concrete which never been loaded (He and Gong, 2005; Sakoi and Horiguch, 2006; Xing, et al. 2005b) . On the other hand, some experimental facts also indicate that a compressive stress, when it is less than a certain stress level, can reduce the diffusivity of concrete Xing et al. 2005b) . For example, in Gowripalan's experiment, a maximum reduction of chloride diffusion coefficient of 38% was observed when compared with the stress-free condition. These effects may attribute to the propagation of originally existing microcracks and the connectivity of the internal pore structures under tensile stress (Sugiyama, et al. 1996) . By using the computer tomography (CT) scanning technique, it has been observed that the air content in concrete is increased upon loading due to new nucleation or growth or to microcracking and the increase rate becomes lager or nonlinear when the stress level is higher than 50% of the concrete strength (Wong and Chau 2005) . As for compression, it is due to the closure of microcracks or capillaries as well as the consolidation of pore structures that exist in the direction of diffusion (Sugiyama, et al, 1996; Gowripalan, et al. 2000) .
Thus, in view of the microstructural variation of concrete mentioned above, the diffusion coefficient on meso scale of mortar and ITZ should be corrected in terms of their stress values in normal spring. Therefore, the diffusion coefficient of mortar and ITZ (D s ) under stress could be written as
where D 0 is the diffusion coefficient of mortar or ITZ before stressing; λ is the coefficient for stress effect, which is expressed empirically using a simple equation just to account for the variation tendency of diffusivity of mortar and ITZ
where σ is the stress of normal spring under loading conditions; f t is the peak strength of the normal spring for mortar (f tm ) and ITZ (f ti ), respectively; a and b are constants, which should be experimentally determined.
Determining constant a and b
Generally speaking, in the micro-scale, the air void content affects not only the durability of concrete but also the strength. Wong and Chau (2005) experimentally proved the compressive strength of concrete decreases with increasing of air content. From the micro-scale point of view, the reason that the strength of ITZ is lower than that of mortar is due to the dense void content and original microcracks in ITZ. For simplicity, in this paper an assumption is given as: when the tensile stress in normal spring between two mortar elements equals to (f tm -f ti ), the diffusivity of mortar at this stress level is supposed to be same as that of ITZ without stress, which means λ=n (as in Eq. (7)) with σ=f tm -f ti . Thus, for mortar under tensile stress, substituting σ=f tm -f ti into Eq. (10a), we can get the following relation:
For instance, when w/c=0.55, along the perpendicular direction of the specimen in Fig. 6 , n has been determined as 4.1, and the corresponding values of f tm and f ti are calculated as 3.17MPa and 1.51MPa, respectively, using the equations for strength on meso scale presented by Nagai, et al. (2004) . Thus Eq. (11) yields the appropriate a as ( )
The value of b is determined by sensitivity analysis in order to best fit the experimental results. Fig. 18 shows the comparison between calculating results with different values of constant b and the available experimental data. It is observed that the calculation results based on the assumption as represented by Eq. (10) and (11) can match the experimental findings better than that shown in Figs. 13 and 16 . Lastly, it must be pointed out that due to the scattering features of experimental data caused by diverse test conditions, the value of constant b should be empirically fitted and determined.
Conclusions
To facilitate the durability design of reinforced concrete structures and simulate the real working conditions, an attempt to evaluate the chloride diffusivity of loading-damaged concrete is carried out on the basis of RBSM and truss network model, the former and latter of which are mechanical and transport analysis respectively. The following conclusions can be drawn in this study:
(1) On the meso scale, concrete can be described as a three-phase composite, i. e., the mortar, aggregate particles and interfacial transition zone (ITZ), in which it is possible to adopt different material models, such as mechanical and transport models, for the three phases. (2) The advantage of RBSM is to simulate the crack propagation, representing on two aspects: one is that it can express the random characteristics of cracks location and direction; the other is that it can easily estimate the crack width by calculating the elongation of normal spring. On the other hand the advan-tage of the truss network model is its simplicity which makes possible to conduct two-dimensional transport analysis by one-dimensional governing equation. Thus, combining the techniques of RBSM and truss network model is a good method to conduct diffusivity analysis of damaged concrete. (3) Based on the previous study and experimental data, the statistics relationship of chloride ions diffusion coefficients of concrete (D c ) and mortar (D m ) with w/c are proposed respectively. (4) The diffusivity of ITZ is numerically clarified, which is about 3-16 times of that of mortar with variation of its thickness in the range of 10-50µm. The present conclusion agrees very well with that of previous studies by other researchers. (5) Based on the literatures' findings, the diffusion property of chloride ions in cracks is evaluated and the formulation of diffusion coefficient in cracks with regard to crack width is proposed according to the experimental results. (6) Chloride diffusivity evaluations of concrete under compression and tension are numerically performed at a series of stress levels, respectively. The calculation results indicate that when the stress level is higher than a critical value, the diffusion coefficient of a cracked concrete will increase rapidly. This tendency can comparatively agree with that of experimental conclusions. However, compared with those findings under loading conditions, a noticeable deviation is found. (7) The reported experimental results show that the diffusivity of concrete may increase even at comparatively low tensile stress and decrease under compression. Based on this fact, an empirical equation, which can account for the microstructure variation of concrete under loading, is proposed in terms of the stress of normal spring. Integrating this equation into the calculation model, a reasonable prediction of the chloride diffusivity of concrete is achieved. 
